OCTOBER 1992

LEE ET AL.

WEN-CHAU LEE

National Center for Atmospheric Research,* Boulder, Colorado

ROGER M. WAKIMOTO

Department of Atmospheric Sciences, University of California, Los Angeles, Los Angeles, California

RICHARD E. CARBONE
National Center for Atmospheric Research, Boulder, Colorado

(Manuscript received 29 January 1991, in final form 23 January 1992)

ABSTRACT

A bow echo is a bow-shaped radar reflectivity pattern that is often accompanied by downbursts at the apex
of the bulge. It appears that there are two types of bow echoes documented in the literature, the squall-line type
(SLBE) and the single-cell type (CBE). It is not clear that these two types of bow echoes are dynamically
similar. This study presents the first complete case study on the CBE, which occurred on 14 July 1982 during
the Joint Airport Weather Studies (JAWS) Project. The stormwide kinematic and thermodynamic structure of
this storm was documented in Part I of this paper. This paper examines the initiation and evolution of a vorticity
couplet using a vorticity-budget analysis to study the bow-echo structure and the bow-echo-microburst rela-
tionship.

The elongated-shaped echo assumed a bowed shape below cloud base after the downdraft developed. The
bow echo is associated with a cyclonic-anticyclonic vorticity couplet with maximum relative vorticity intensities
of 5 X 1073 and —4 X 1073 s~ respectively, at the 2.4-km height. This couplet does not exist prior to the
initiation of the downdraft. Examination of the vorticity budget shows that the vertical vorticity couplet is
generated primarily through tilting of ambient horizontal vorticity by the microburst downdraft. The positive
vorticity is enhanced by both the stretching effect and the downward advection of positive vorticity from above
that is produced by the updraft through the same mechanism. A particle-trajectory analysis shows that the
elongated echo is distorted into a bow shape by the shear vorticity, which exhibits a velocity differential between
the center and edges of the echo.

A conceptual evolution model of the CBE is constructed based on the vorticity analysis in which an elongated
echo may deform into a bow shape under the following meteorological condition: 1) a nearly unidirectional
vertical shear, and 2) downdraft development. The product of the vertical shear and the horizontal gradient of
the downdraft determine the strength of the vorticity couplet and hence the extent of the echo deformation.
Since the environmental shear is often weak with an airmass thunderstorm, a strong downdraft is required to
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form a strong vorticity couplet. This may be why a CBE is often associated with strong wind events.

1. Introduction

On 14 July 1982, an intense thunderstorm produced
a strong microburst within the network of the Joint
Airport Weather Studies (JAWS) Project (McCarthy
et al. 1982). This case was unique for two reasons:

1) It was one of the first datasets of a microburst-
producing storm that extended above the subcloud
layer.
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2) The radar signature of the parent storm evolved
into a bow-shaped echo, a phenomenon that has at-
tracted much attention in recent years.

Part I (Lee et al. 1992; hereafter referred to as Part
I) of this study examined the kinematic and thermo-
dynamic structure of the microburst based on multi-
Doppler radar analysis and thermodynamic retrieval
techniques. Emphasis was placed on the origin of the
downdraft and the forcing mechanisms that intensified
the downdraft to microburst intensity. In this paper,
the evolution of the bow-shaped radar reflectivity sig-
nature is studied. The analyses herein will attempt to
answer why the echo of the parent storm assumes this
particular radar reflectivity pattern.
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2. Past studies of two types of bow echoes

Radar reflectivity signatures have been widely used
in severe-storm nowcasts. A well-known example is
the hook echo (Stout and Huff 1953), used as a pre-
cursor for tornado detection. Fujita (1978 ) discovered
another radar signature, the bow echo, that was often
associated with downbursts. This was subsequently
confirmed by other studies using National Weather
Service (NWS) conventional radars and aerial damage
surveys (e.g., Fujita 1981; Forbes and Wakimoto
1983). As originally defined by Fujita (1978), a bow
echo is an outward bulge within a line of radar echoes
and in some respects is similar to the line echo wave
pattern (LEWP) described by Nolen (1959). Although
never explicitly discussed in previous literature, it is
clear that two distinct scales of bow echoes exist—the
squall-line-type bow echo (SLBE) and the single-cell-
type bow echo (CBE).

SLBEs usually involve one or more bulges and con-
cavities within a squall line. Straight-line surface-dam-
aging winds near the apex of the bulge of the bow echo
have been documented in the literature (e.g., Nolen
1959; Hamilton 1970; Fujita 1978; Forbes and Wak-
imoto 1983; Przybylinski and Gery 1983; Wakimoto
1983; Wright 1985). The spatial scale appears to range
from a few tens to a few hundred, kilometers and the
temporal scale ranges from a few hours to several days.
In fact, large SLBEs appear to be a type of the derecho
(Hinrichs 1888) that had been documented by several
investigators (e.g., Johns and Hirt 1983; Przybylinski
and DeCaire 1985).

The first detailed study of an SLBE was presented
in Fujita (1981). In his Fig. 23, the bulge of the bow
echo was associated with a strong ground-relative rear-
to-front jet (rear-inflow jet). Fujita (1981) proposed a
model of this type of bow echo based on many case
studies using conventional radars and one dual-Dopp-
ler radar analysis on a single scan plane. Knupp and
Jorgensen (1985), Smull and Houze (1985), and
Schmidt and Cotton (1989) have examined other
SLBEs and concluded that the bulge or concavity was
directly related to the rear-inflow jet. This jet appears
to form a bow echo through two mechanisms: 1) by
advecting a part of the squall line forward, and 2) by
entraining dry air into the rear flank, which then erodes
the back side of the echo through evaporation of hy-
drometeors. Recently, Weisman (1990) successfully
simulated an SLBE using a three-dimensional model.
He identified favorable environmental conditions, such
as unidirectional vertical shear over the lowest 2.5 km
(at least 25 m s ') and a convective available potential
energy (at least 2000 m? s~2). A rear-inflow jet is the
result of baroclinically generated horizontal vorticity.

In contrast to the SLBE, other studies in the literature
have documented a type of bow echo that evolves from
a single-cell thunderstorm ( Fujita and Byers 1977; Fu-
jita and Caracena 1977; Fujita 1985; Elmore 1986).
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Fujita and Byers (1977) and Fujita and Caracena
(1977) coined the term spearhead echo to describe this
radar signature which, except for the smaller horizontal
length scale, exhibits echo concavity similar to the
SLBEs. Elmore (1986) studied a CBE that was only
10-15 km in length with low reflectivity (30 dBZ,).
Multi-Doppler analyses revealed a rear inflow asso-
ciated with a weak-echo region similar to those docu-
mented in the SLBE cases. Unfortunately, owing to
the coarse spatial resolution, Elmore was unable to re-
solve the vertical velocity.

While there have been several studies on the kine-
matic and dynamic structure of the SLBE, there has
not been a detailed study of CBEs. The focus of this
paper is on the CBE event on 14 July using the multi-
Doppler radar fields presented in Part I. Particular em-
phasis will be placed on the echo evolution, forcing of
the rear-inflow jet, and the stormwide vorticity pattern
through a vorticity budget analysis. Particle trajectories
are also computed to illustrate the distortion of the
echo shape. A conceptual model for the CBE and the
bow-echo—-microburst relationship is constructed based
on the vorticity budget analysis.

3. The 14 July 1982 bow echo
a. The echo evolution

Figure 1 illustrates the three-dimensional perspective
of the echo evolution outlined by the 35-dBZ, isopleth.
The “eye” position is located at the storm’s southwest
quadrant and views into the back of the bow echo (the
weak-echo region).

A well-defined surface bow echo and its associated
weak-echo region are best illustrated at 1546. An elon-
gated echo can be found at approximately 8 km at

1528 mountain standard time (MST; hereafter, all
times are MST unless specified otherwise) that is con-
formed to the shape of the updraft. This echo descends
as time progresses and evolves into a bow shape below
the cloud base. After the downdraft is initiated by pre-
cipitation loading below the cloud base about 1533,
the uniform easterly flow is split after the vorticity cou-
plet formed. Both of these lag behind the leading edge
of the downdraft. Schematics of the locations of the
primary updrafts and downdrafts, the airflow, and the
vorticity couplet at 1.6 km are also illustrated in Fig.
1. It is evident that the formation of a bow echo involves
four-dimensional processes (in space and time) and
basically is a subcloud phenomenon in this case.

Figure 2 illustrates the surface-echo evolution and
the corresponding CP-3 Doppler radial-velocity pattern
from 1536 to 1552. A reflectivity notch between the
main echo and the appendage that is produced by a
separate updraft (maximum reflectivity of 42 dBZ,) is
not considered a bow echo. The surface divergence was
first detected by CP-3 at 1541, which is the same time
that the distortion of the 40-dBZ, echo (hatched region)
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FiG. 1. The 3D perspective plots of the 14 July 1982 storm at 1528, 1533, 1538, 1543, 1546, and 1548 MST. Echoes are
outlined by the 35-dBZ, reflectivity isopleth. Also highlighted in the figure are major updraft and downdraft, the vorticity couplet,
and the airflow at 1.6 km. The two hatched levels are near the cloud base (4 km) and 0°C (3.2 km).

is observed. Therefore, a surface bow echo is not a
precursor of a microburst event, at least not in this case
study.

The horizontal structure of a bow echo and its ac-
companying circulation (in ground-relative coordi-
nates) at 1548 are illustrated in Fig. 3 [2.4 km above
ground level (AGL); hereafter all heights are AGL].
A rear-inflow jet of 10 m s™! is associated with the
weak-echo region that has been observed commonly
in previous CBE (Elmore 1986) and SLBE studies
(Fujita 1981; Knupp and Jorgensen 1985; Smull and
Houze 1985; Schmidt and Cotton 1989). In these past
studies, it was assumed that the center part of the elon-

gated echo was being advected forward by this rear-
inflow jet. In addition, this rear-inflow jet can also en-
train drier environmental air to erode the back side of
the echo.

Figures 4, 5, and 6 portray the horizontal structure
and evolution of this bow-echo event. By comparing
the ground-relative velocity with the storm-relative ve-
locity at 2.4 km and 1548 between Figs. 3 and 6, note
that the rear-inflow jet does not exist in the storm-
relative flow field. The low-level storm-relative winds
(hereafter, all winds are storm-relative unless specified
otherwise) below 3.2 km at 1528 (not shown) were
easterly with near-zero vertical relative vorticity (here-
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FIG. 2. Time series of CP-3 reflectivity and Doppler velocity from 1536 to 1552. The radar reflectivity data
is taken from the 0.8° PPI scan to avoid ground-clutter contamination.

after, all vorticities are relative vorticities ). This is also
observed at 1.6 and 2.4 km and 1533 and at 1.6 km
and 1538. A weak vorticity couplet exists at 3.2 km
and 1533 accompanied by a slightly split easterly flow.
The descending sequence of the vorticity couplet as
well as the split of the easterly flow is consistent with
the leading edge of the downdraft. The vorticity couplet
intensifies as the downdraft strengthens after 1538 and
is evident from 1.6 km up to 3.2 km after 1541.
The maximum intensity of the vorticity couplet, 5
X 1073571 (—4 X 1073 s7') on the north (south) side
of the downdraft, occurred at 2.4 km and 1548, ap-
proximately 2 min after the passage of the maximum
downdraft at this height. By examining the storm-rel-
ative vorticity in Figs. 4-6, these vorticity couplets are
associated with shear in the horizontal velocity rather
than a pure rotation, It is evident that the concavity
of the echo first forms (as defined by the 35-dBZ, con-
tour) at 3.2 km and 1538 and appears at lower levels
as time progresses.
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F1G. 3. Horizontal bow-echo structure at 2.4 km and 1548 MST.
Vectors are the ground-relative velocities.
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F1G. 4. Evolution of bow echo and vorticity from 1.6 to 3.2 km at 1533 and 1538 MST. Solid (dashed) lines are positive
(negative) vertical vorticity (1073 s™!), respectively. Vectors are storm-relative velocities. Reflectivity factor (gray lines) greater

than 40 dBZ, is hatched.
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F1G. 5. Same as Fig. 4 except for 1541 and 1543 MST.



OCTOBER 1992 LEE ET AL. 2217

JULY 14, 1982
VORTICITY (107s) 1546 MST VORTICITY(107s) 1548 MST

3.2 km 3.2 km

| I S |
(¢} ! 2km

Vo

LA

3

FIG. 6. Same as Fig. 4 except for 1546 and 1548 MST.
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It is important to note that the distortion of the echo
occurred after the formation of the vorticity couplet.
The first indication of the split on the easterly flow field
occurs at 3.2 km and 1533 on initiation of the down-
draft. This flow pattern, together with the vorticity
couplet, propagates downward as the downdraft de-
scends and intensifies. The vorticity couplet below 0.8
km is destroyed and masked by the divergent com-
ponent of the microburst outflow.

In the next subsection, we perform a particle-trajec-
tory analysis to demonstrate the relative motion of hy-
drometeors within the storm caused by the vorticity-
couplet circulation.

b. Particle-trajectory analysis

A particle-trajectory analysis is performed to trace
the origin of the precipitation particles that composed
the low-level bow echo. The methodology is similar to
that of the air-parcel trajectories described in Miller et
al. (1988). This is a complex problem since the reflec-
tivity factor is proportional to the sixth moment of the
hydrometeor size distribution within a pulse volume
while the terminal velocity is also size dependent. For
example, a 45-dBZ, echo is composed of a spectrum
of particles that can have different origins due to the
differences in terminal fall speeds. We performed par-
ticle-trajectory analyses on several particle sizes ranging
from 1 to 4 mm. To simplify the problem, we took
into account only a constant terminal velocity to each
size category without correcting density variation with
height and without computing particle growth. Only
the trajectories of the medium-sized graupel (3-mm
diameter) are presented to illustrate the process of dif-
ferential motion within the echo.

The particles were released at 0.8 km at 1548 and
followed backward in time to locate their source re-
gions, The estimated fall speed of this low-density
graupel (3 mm) is 2.5 m s™! (from Pruppacher and
Klett 1978) without adjusting for the air-density vari-
ation in the vertical. Figure 7 illustrates several rep-
resentative graupel trajectories that arrive at 0.8 km
and 1548. It is evident that there are two groups of
particle trajectories as revealed in the- air-trajectory
computation, as discussed in Part I (Fig. 15 and 16 in
Part I). The first group basically followed the up-down
air trajectory but originated at 5 km, which is higher
than the origin of the air parcels. These particles moved
mainly in the meridional direction with a relatively
small zonal component. The second group of particles
mainly originated from the east to southeast of the
storm and they moved around the up-down particles.
The zonal trajectories exhibit westward transport near
the north and south extrema of the echo. As a result,
there was relative zonal motion between the center of
the echo, composed of the up-down trajectories, and
the north and south ends of the echo, composed of the
zonal trajectories. Based on these trajectories, an elon-
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GRAUPEL TRAJECTORY

GRAUPEL SIZE

3mm ENDING

AT 0.8 KM,
1548 MST

49

JULY 14, 1982 *

F1G. 7. The horizontal projection of the 3-mm graupel trajectories.
The trajectory analysis is performed backward in time. The graupel
is released at 0.8 km and 1548. The numbers are the height of graupel
in 100 m. Reflectivity contours are 35, 40, and 45 dBZ,. The time
interval between symbols is 3 min.

gated echo evolves into a bow shape by differential
movement of hydrometeors between the center and
the ends of the echo as a result of the initiation of the
vorticity couplet.

In the next subsection, a vorticity-budget analysis is
performed to address the origin of the vorticity couplet.

¢. Vorticity-budget analysis

The change of vorticity with time can be evaluated
by computing the vorticity equation. The vertical
component of the relative vorticity { is defined as:

_6v du

S“—gc—g;-

(1)
The vertical component of the vorticity equation de-
rived from the anelastic (Ogura and Phillips 1962)
horizontal momentum equations [Egs. (1) and (2) in
the Appendix of Part I has the following form:

o _ M+ dHN 8
at dx ay 0z
advection terms
: owou Owdu
- V.V + |———-——— S 2
w + (é)x 9z 9y 62) (2)

divergence term  twisting or tilting term
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where fis the Coriolis parameter. All terms in (2) can
be computed from the reconstructed multi-Doppler
wind fields. There is no solenoidal term due to the use
of the anelastic assumption and a constant mean virtual
potential temperature. This technique has been used
in past studies (Heymsfield 1981; Kessinger et al. 1988)
to diagnose the source of thunderstorm rotation.

In this study, the multiple volumes of the wind fields
permit the computation on both sides of (2). The vor-
ticity equation is evaluated using a trapezoidal scheme.
There are two independently computed vorticity ten-
dencies, namely, the observed vorticity change between
two successive volumes and the estimated vorticity
tendency from the vorticity equation. It is believed that
this approach is unique to allow for a cross-check be-
tween these two independent vorticity tendencies in
this problem. If these two estimates agree with each
other, then the origin and the evolution of the vorticity
couplet can be identified from the forcing terms in the
vorticity equation with confidence.

Figure 8 illustrates an example of the vorticity-budget
computations at 2.4 km and 1546 where panel (a) is
the observed vorticity tendency between the 1546 and
1548 volumes, panel (b) is the vorticity tendency pre-
dicted from the vorticity equation, and panels (c), (d),
(e), and (f) are horizontal advection, vertical advec-
tion, divergence term, and tilting term, respectively.
Terms in panels (¢)-(f) are computed using the mean
velocities between 1546 and 1548 (trapezoidal
scheme). As a result, panel (b) represents the mean
tendency between 1546 and 1548. Except for slight
phase and amplitude differences, the vorticity equation
[panel (b)] successfully predicts the observed vorticity
tendency [panel (a)]. This agreement reveals the re-
liability of the reconstructed multi-Doppler wind fields.

The dipole structure of the vorticity tendency exists
only in the tilting term due to the tilt of the horizontal
vorticity into the vertical by the horizontal gradient of
the downdraft. The magnitude of the vorticity tendency
from the tilting term is nearly symmetric with a slightly
stronger anticyclonic vorticity tendency. The cyclonic-
(anticyclonic-) vorticity centers are located north
(south) of the downdraft, respectively (downdraft
stronger than —6 m s™! is shaded). As predicted by a
linear theory, this north-south vorticity couplet is pro-
duced by an eastward-pointing vertical shear vector
(Rotunno and Klemp 1982). This agrees with the gen-
eral environmental shear vector as shown in the Denver
sounding (Fig. 3 in Part I). One must be cautious,
however, in interpreting the eastward-pointing shear
vector as the environmental shear vector since the
thunderstorm circulation may have modified the en-
vironmental wind. The circulation associated with the
vorticity couplet and perturbation pressure pattern (not
shown) is similar to the “wake-entrainment” circula-
tion reported in Knupp and Cotton (1985). The vor-
ticity couplet in this study, however, is associated with
a downdraft, not an updraft, as reported by Rotunno
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and Klemp (1982) and Knupp and Cotton (1985).
Kingsmill and Wakimoto (1991) reported that the
wake-entrainment mechanism is responsible for the
initiation of a midlevel downdraft at approximately 9
km within an Alabama thunderstorm. Their finding is
different from that presented in this study where the
wake entrainment is a result of interaction between an
existing downdraft and vertical shear.

The stronger positive vorticity tendency in Fig. 8b
is contributed mainly from the downward advection
of positive vorticity (Fig. 8d). The vorticity-budget
computation at an earlier time indicates that this mid-
level positive vorticity is also generated by the tilting
of horizontal vorticity into the vertical by the updraft
as suggested in Rotunno and Klemp ( 1982). Figure 9
shows an example of the vorticity generation by tilting
term at 1536 at 4.8 km. The sign of the vorticity dipole
is opposite to that produced by the downdraft with
negative ( positive) vorticity to the north (south). Recall
that in Part I the updraft is tilted southward as it as-
cends. It follows that the precipitation forms over the
positive vorticity. This positive vorticity is advected
downward by the drag-induced downdraft at a later
time.

The divergence term (Fig. 8¢) also enhances the
positive vorticity within the downdraft region by
stretching the existing positive vorticity. The negative-
vorticity region is not collocated with the intense
downdraft region; therefore, the stretching effect is
minimal in this region. Plots at lower levels (not
shown ), however, show that the divergence in the mi-
croburst outflow region (i.e., compression in the ver-
tical) reduces the magnitude of the vorticity.

4. The conceptual model of the CBE

Based on the vorticity-budget analysis, we con-
structed a conceptual model of the evolution of this
CBE event. The tilting of vortex tubes by updrafts and
downdrafts in a convective storm has been illustrated
in Klemp (1987). We adapt his concept and sum-
marize the sequence of vorticity evolution of this CBE
event in Fig. 10.

1) A convective cloud forms in an undisturbed en-
vironment with an eastward, unidirectional shear.

2) The horizontal vortex tube is tilted upward by
the updraft, forming a vorticity couplet with positive
and negative vorticity at the southern and northern
side of the updraft, respectively.

3) Asthe downdraft initiates by falling precipitation,
a new vorticity couplet with an opposite sign forms
due to the interaction between the downdraft and the
subcloud vertical shear of the horizontal wind. This
downdraft also advects the positive vorticity downward.
The combined effects of tilting, stretching, and down-
ward advection produce stronger positive vorticity to
the north and weaker negative vorticity to the south.

4) The differential motion of the hydrometeors due



2220

MONTHLY WEATHER REVIEW

VOLUME 120
VORTICITY BUDGET (107%/5?)
JULY 14, 1982 1546-1548 MST 2.4 km
(A) G548 — Q1546 (B) %% = (C)+ (D) + (E) + (F)
At

q'L¥.68

10010505 W

~Vu - Vu(

(E) . ~(f+QV-V
, Q I J
0

e it

FIG. 8. The vorticity-budget computation from the reconstructed three-dimensional wind fields at 2.4 km of 1546 where
(a) is the observed vorticity tendency between the 1546 and 1548 volumes, (b) is the vorticity tendency predicted from the
vorticity equation for the same time period in (a), panels (c¢), (d), (e), and (f) are source terms in the vorticity equation:
horizontal advection, vertical advection, divergence term, and tilting term, respectively. The unit is 10 ¢ s~2 and the downdraft

greater than —6 m s~! is shaded.
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FiG. 9. The vorticity production by the tilting term at 4.8 km and
1536. The unit is 10~° s~2 and the updraft greater than 6 m s~ is
shaded.

to the vorticity-couplet circulation distorts the elon-
gated echo into a bow shape.

The existence of the vorticity couplet is the key factor
in forming this bow echo. The generation of the vor-
ticity couplet results from the product of the horizontal
gradient of the downdraft and the vertical shear as given
by the tilting term in (2). A vorticity couplet can be
produced either by a strong downdraft in ordinary shear
or by a weak downdraft with a stronger vertical shear.
Once the vorticity is generated, Rotunno (1981) has
shown that the stretching term can intensify the existing
vorticity exponentially. Thus, the initial vorticity has
a better potential to be stretched and to distort the
echo by a strong downdraft than a weak downdraft.
This is true especially in an airmass thunderstorm en-
vironment where the shear is often weak. This may be
the reason why a CBE is often associated with strong
wind events.

The effect of vertical advection depends on the up-
draft and downdraft structure. In this case, it results
in an asymmetric vorticity pattern by enhancing either
the positive or negative vorticity depending on the di-
rection of the shear vector and the tilt of the updraft.
If the updraft had tilted northward instead of south-
ward, one might expect to have observed stronger neg-
ative vorticity. Another important factor is the unidi-
rectional shear vector in the subcloud layer. If the sub-
cloud shear vector is not unidirectional, the vorticity
couplets at each level will not stack up vertically as
they do in this case. Therefore, the hydrometeors might
not be redistributed into a bow shape because of a
complicated particle sedimentation-horizontal air-
speed relationship.

One feature in this conceptual model of the CBE
evolution that has not been discussed is the rear-inflow
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jet. As previously noted, this jet was observed consis-
tently in previous SLBE and CBE cases. Based on the
vorticity couplet circulation, flow between these two
vortices would be enhanced to form a jetlike phenom-
enon. In a thunderstorm, the rear-inflow jet may be
induced by the downdraft from mass continuity, or
the vorticity-couplet circulation, or both. An inflow
purely induced by mass continuity of the downdraft
should not have directional preference. Therefore, the
vorticity couplet must play an important role in de-
termining the direction of the inflow from the rear of
the storm.

In the 14 July bow-echo event, the rear-inflow jet
exists in the ground-relative coordinates but does not
exist in the storm-relative coordinates. This can be il-
lustrated by superimposing a vorticity couplet with a
westerly jet (as illustrated in Fig. 3) onto a uniform
easterly mean flow with similar magnitude as the west-
erly jet. The resulting flow pattern should be similar
to that presented in Fig. 6, having no westerly jet but
rather strong easterlies outside both vorticity centers.
This example demonstrates that a bow-shaped echo
can form without a rear-inflow jet (storm-relative
sense), thereby excluding the mechanism of echo ero-
sion due to dry-air intrusion. With a similar mean flow,
however, other bow echoes can have storm-relative
rear-inflow jets if the magnitude of the jet is stronger
than the mean flow by increasing the downdraft and/
or the vertical shear. Under these circumstances, the
dry air transported by the rear-inflow jet can promote
the erosion of the echo by means of subsidence and
evaporation /sublimation.

5. Photogrammetric analysis

A series of cloud photographs of the 14 July 1982
bow-echo~microburst storm were taken at the CP-3
radar site between 1548 and 1554. By applying pho-
togrammetric techniques (Holle 1988), the azimuth
and elevation angle on the cloud photograph relative
to the CP-3 radar can be determined. Then, the CP-3
radar reflectivity factor and projection of the recon-
structed three-dimensional velocities on any particular
plane can be superimposed onto the cloud photo (Lee
1989; Kingsmill and Wakimoto 1991). Figure 11a il-
lustrates the visual appearance of this bow-echo-mi-
croburst event at 1549 superimposed with the CP-3
radar reflectivity factor from the 1548-1550 volume.
The projection of the three-dimensional velocities
through the microburst center within the bow echo is
superimposed on the cloud photo (Fig. 11b). The per-
spective view, labels, and locations of the superimposed
reflectivity values (indicated by circles) of the bow echo
are shown in Fig. 11c. The CP-3 reflectivity values are
chosen as the maximum values in a specific azimuth
and elevation angle except in the southern part of the
storm where the bow echo is masked by an appendage
echo. The center of the microburst (the maximum dif-
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FIG. 10. The conceptual model of the vortici;(y evolution within a CBE (adapted from Klemp 1987).

ferential velocity) determined from the display of the
radial Doppler velocities is along the 256° azimuth
from the CP-3 radar. The microburst center is located
at the weak-echo notch in between two 50-dBZ, re-
flectivity maxima. It coincides with the visually light
rain area ( transparent area marked as the precipitation
hole) where the maximum downdraft occurs as shown
by the multi-Doppler winds in Fig. 11c. The darkest
rain shaft between 240° and 250° is associated with a
reflectivity factor of 30-40 dBZ,.
Key features noted in this analysis are

1) A visually heavy (dark) rain shaft is not neces-
sarily associated with a high-reflectivity region and

strong downdrafts, a result that is also found within a
dry microburst (Wakimoto 1988).

2) The precipitation hole (light rain-shaft area) that
is safe visually to a pilot may be the most dangerous
place for aircraft penetration.

6. Discussion
a. Bow echo and echo notch

There is no clear-cut distinction in the echo shape
between an echo “notch” and a bow echo. Based on
the reflectivity pattern, a bow echo has a notch but not
every echo notch can be classified as a bow echo. We
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FI1G. 11. (a) Cloud photo of the 14 July 1982 bow-echo-microburst storm at 1549 from the CP-3 Doppler radar site. The maximum
reflectivity factor at each azimuth and elevation angle was superimposed on the photo via a photogrammetry technique. A region that is
visually transparent is marked “precipitation hole.” (b) The projection of the 3D wind fields through the microburst center along the bow
echo onto the cloud photo. (c) Perspective view of the cloud photo in (a). The circles within the bow echo are the locations where the

reflectivity factors are chosen.

have demonstrated that certain environmental con-
ditions and dynamical processes such as unidirectional
environmental shear and the tilting of horizontal vor-
ticity by the downdraft into the vertical are related to
the evolution of bow echoes. The distortion of an elon-
gated echo into a bow shape indicates the occurrence
of a possible microburst and can be identified by a

ground-relative rear-inflow jet on the Doppler velocity
display if the radar is not scanning perpendicular to
the direction of storm motion. Conversely, notches can
be produced not only by the preceding mechanism but
also by inflow of environmental dry air (Elmore 1986;
Knupp 1989; Robert and Wilson 1989), by irregular-
shaped or multiple updrafts (such as the appendage in
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this case) or by merging of two thunderstorms that
may not be associated with bow-echo processes. Echo
notches produced by other mechanisms are observed
commonly within convective storms. In order to cap-
ture the bowing process and the development of a rear-
inflow jet of a CBE, a Doppler radar must scan at higher
elevation angles and we must combine both the reflec-
tivity and Doppler velocity information in identifying
the bow echo.

b. Similarity between the CBE and SLBE

Weisman (1990) simulated long-lived, steady SLBEs
using a three-dimensional cloud model. He identified
favorable environmental conditions, such as unidirec-
tional vertical shear (at least 20 m s™! over the lowest
2.5 km) and a convective available potential energy
(at least 2000 m? s~2), in forming SLBEs. The bow
echo forms after several hours of simulation and is
characterized by “bookend” vortices and a rear-inflow
jet. The rear-inflow jet and the bow-echo structure al-
ways develop after the occurrence of the bookend vor-
tices. These vortices, which are produced by tilting the
horizontal vorticity into vertical, are essentially the
same phenomenon as the vorticity couplet resolved in
this study. The intensity of the rear-inflow jet is partly
contributed from the bookend vortices ( ~40%-50% )
and the horizontal vorticity generation by the baroclinic
term (the cold pool at the surface and the latent heat
release at high levels). ,

The similarity between the simulated SLBE above
and the CBE in this study resides in the tilting of vor-
ticity by the downdraft that exists in both the obser-
vation (the vorticity couplet) and model simulation
(bookend vortices). Apparently, the primary difference
between the SLBE and the CBE is in the baroclinically
generated horizontal vorticity. The baroclinic effect
(vertical temperature difference ) also exists in this CBE;
however, the time scale in a short-lived airmass thun-
derstorm is not long enough to generate significant
horizontal vorticity. This is probably why the rear-in-
flow jet observed in SL.BEs is stronger than that in the
CBEs in the cases mentioned in this paper. Another
factor, the Coriolis effect, is also more important to
the SLBESs than the CBEs due to the spatial-scale dif-
ferences. In the Northern Hemisphere, the Coriolis ef-
fect would promote the cyclonic rotation of the storm
or the line that agrees with the conceptual model pro-
posed by Fujita (1981).

7. Summary and conclusions

Using a vorticity-budget study based on the recon-
structed 3D wind field of the 14 July 1982 bow-echo-
microburst event, we have evaluated the evolution of
a CBE and the bow-echo-microburst relationship. This
is believed to be the first complete quantitative study
of the evolution of a CBE.
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In contrast to SLBEs, this CBE does not exhibit a
rear-inflow jet in the storm-relative coordinates. This
bow echo evolves from an elongated echo by redistri-
buting hydrometeors from the center to both ends of
the echo due to the vorticity couplet circulation. This
vorticity couplet is associated with a stronger cyclonic
vorticity to the north (maximum of 6 X 1073571)
and weaker anticyclonic vorticity (maximum of —4
X 1073 s~1) to the south of the downdraft that did not
exist before the initiation of the downdraft. The couplet
first forms below the cloud base and subsequently
propagates downward as the downdraft evolves. The
bow echo at the surface reflects the shape of the echo
aloft as hydrometeors descend. The location of the mi-
croburst coincides with the weak-echo notch of the bow
echo at the surface. The vorticity-budget study indicates
that this vorticity couplet is produced by the horizontal
gradient of w across the downdraft, which tilts the hor-
izontal vorticity into vertical. The microburst outflow
below 0.8 km deflects the environmental flow and en-
hances the echo distortion. _ .

Major findings in this study are 1) An elongated
echo can evolve into a CBE if (a) there is an unidirec-
tional vertical shear and (b) a downdraft exists. 2) An
elongated echo may be distorted into a bow echo
through the redistribution of hydrometeors by a vor-
ticity couplet. The intensity of the vorticity couplet is
determined by the product of the vertical shear and
horizontal gradient of the downdraft. This vorticity
couplet subsequently may be intensified by the stretch-
ing of the downdraft. 3) A storm-relative rear-inflow
jet is not essential to the formation of a CBE. 4) A
CBE is neither a sufficient nor a necessary condition
for the existence of a strong downdraft. It only indicates
the existence and the location of a downdraft. Due to
generally weak vertical shear in the airmass thunder-
storm environment, however, the distortion of an echo
into a bow shape often requires a strong downdraft.
This, combined with a rear-inflow jet in the Doppler
radial velocity field, can be a useful radar signature for
both the NWS and air-traffic controllers in nowcasting
the general likelihood of strong downdrafts and dam-
aging wind events. 5 ) Photogrammetric analysis of this
event suggested that the intensity of the downdraft may
not be correlated with the darkness of the rain shaft.
This is important information for pilots to understand
for general guidance in storm penetration.
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